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“Lieber Schrödinger!
Du bist faktisch der einzige Mensch, mit dem ich mich 
wirklich gern auseinandersetze. [...] Dabei sind wir in 
der Auffassung des zu erwartenden Weges schärfste 
Gegensätze.
[...]”

Albert Einstein to Erwin Schrödinger, 8.8.1935



Einstein‘s gun powder & Schrödinger‘s cat

Albert Einstein to Erwin Schrödinger, 8.8.1935



Schrödinger‘s Cat: The Measurement Problem

single-photon 
source

Schrödinger’s Cat = Entanglement involving macroscopically distinct states
should be possible for arbitrarily large systems

E. Schrödinger, Naturwissenschaften 23, 52 ff. (1935)



(c) Oppenheim



Macroscopic Quantum Experiments (some examples)

Nature 406, 43 (2000)

Science 290, 773 (2000)

Nature 413, 400 (2001)

106 Cooper pairs (µA)

2‐mode spin
squeezing of
1012 Rb atoms



Talbot-Lau Interferometry with Macromolecules (Arndt group)

Ionizing
laser

Standing light
wave Ion 

detector
Molecule beam

1nm

C60

PFNS10

PFNS10: C60[C12F25]10
(perfluoroalkylated nanosphere) 

430 atoms
m ~ 10‐23 kg = 6910 AMU 

x ~ 100 nm (~50x its diameter)

S. Gerlich, S. Eibenberger et al., Nature Communications 2, 263 (2011) 



Ramsey‐type interference

6 GHz thickness oscillation
 n ~ 0.07 @ 20 mK

Micromechanics, 21013 atoms
m ~ 10‐12 kg = 71014 AMU 

x ~ 10‐16 m (~10‐10x its diameter)

PFNS10: C60[C12F25]10 ,430 atoms
m ~ 10‐23 kg = 6910 AMU 

x ~ 100 nm (~50x its diameter)

Neutron, 1 „atom“
m ~ 10‐27 kg = 1 AMU 

x ~ 1 cm 
(~1013x its diameter)



A mechanical cat? Schrödinger‘s mirrors

20µm

Cantilever

Trapped Particle



Levitating frog…

M. V. Berry and A. K. Geim, Of flying frogs and levitrons, 
Eur.J.Phys 18, 307 (1997)

IG Nobel Prize 2000



Decoherence

Gas scattering

Penrose model

Master equation approach

GRWP

See also 
O. Romero‐Isart et al., 
PRL 107, 020405 
(2011)
O. Romero‐Isart, PRA  
84, 052121 (2011)

Joos & Zeh, Caldeira & Leggett, Unruh & Zurek
Paz & Zurek, Hu & Paz & Zhang, Milburn, …



A mechanical cat? Schrödinger‘s mirrors

20µm

Cantilever

Trapped Particle



Towards quantum state preparation of a free particle

Optically levitated nanospheres

 Harmonic oscillator in optical potential
(negligible support loss, high Q)

 Quantum control via cavity optomechanics
(laser cooling, state transfer, etc.)

• Akram, Kiesel, Aspelmeyer, Milburn, 
NJP  12, 083030 (2010)

• Khalili, Danilishin, Miao, Müller‐
Ebhardt, Yang, Chen, quant‐ph
1001.3738 (2010)

• Romero‐Isart, Pflanzer, Juan, Quidant, 
Kiesel, Aspelmeyer, Cirac, Phys. Rev. A 
83, 013803 (2011) 

Generation of quantum superposition states

• single‐photon quantum state transfer
• quantum state teleportation
• …
• free fall . . . 

Chang et al., quant‐ph 0909.1548 (2009), PNAS 2010
Romero‐Isart et al., quant‐ph 0909.1469 (2009), NJP 2010
P. F. Barker et al., PRA 2010

Magnetically levitated spheres
(Romero‐Isart et al., 1112.5609
Cirio et al., 1112.5208)  



Superposition of macroscopic distinct states
via free fall?

O. Romero‐Isart et al., PRL 107, 020405 (2011)



In collaboration with O. Romero‐Isart, A. Pflanzer, I. Cirac
see also Romero‐Isart, Phys. Rev. A 84, 052121 (2011)

One possible application: test of alternative 
decoherence models

x ~ R

Background gas 
p~10‐13 mbar

(here: no
blackbody
radiation!)

Karolhyhazy / 
GRWP

Penrose

Quantum 
Theory (~R2)

Karolyhazy (1960s), e.g. Nuovo Cimento 42, 390 (1966)
Diosi (1980s), e.g. J. Phys. A: Math. Gen. 21, 2885 (1988) 
Penrose (1980s), e.g. Gen. Rel. Grav. 34, 1141 (2002 )

O. Romero-Isart et al., PRL 107, 020405 (2011)



In collaboration with O. Romero‐Isart, A. Pflanzer, I. Cirac
see also Romero‐Isart, Phys. Rev. A 84, 052121 (2011)

One possible application: test of alternative 
decoherence models

x ~ R

Background gas 
p~10‐13 mbar

(here: no
blackbody
radiation!)

Karolhyhazy / 
GRWP

Penrose

Quantum 
Theory (~R2)

Karolyhazy (1960s), e.g. Nuovo Cimento 42, 390 (1966)
Diosi (1980s), e.g. J. Phys. A: Math. Gen. 21, 2885 (1988) 
Penrose (1980s), e.g. Gen. Rel. Grav. 34, 1141 (2002 )

O. Romero-Isart et al., PRL 107, 020405 (2011)

P ~ 10‐13 mbar, T ~ 4K



Optically trapped nanospheres as mechanical resonators



Detuning 

Cavity envelope

Heterodyne beat frequencyN
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Nanosphere
motion

Ashkin since 1967
Raizen group, Science 2010
Novotny 2012

Optical trapping inside a 
cavity… (R~20nm – 2µm)
Kiesel et al., work in progress

Cavity Finesse ~ 
100,000



Magnetically trapped macrospheres as mechanical
resonators

Pb

Magnetic levitation in anti‐Helmholtz coil configuration
Trap frequencies ~ 20 Hz
T= 20 mK, p = 1e‐6 mbar S. Minter, R. Chiao, N. Prigge, M. Aspelmeyer

Drive coil

Pick‐up coil



LISA??

LISA: Laser Interferometer Space Antenna



22. May 2012 9th LISA Symposium, Paris Page 20

Payload Architecture
Optical Bench

• As in LMF, OB diameter drives payload and thus s/c height
 Sizing coherent with reduced telescope dimensions is enabled by

‒ Removal of PAAM, PAAM Metrology & Optical Truss
‒ Double‐sided OB

 Basic feasibility demonstrated by very detailed design, employing 
maximum heritage from LTP and LISA OB CTP

350 m
m

580 mm (CTP)

15.3 kg
+ margin











Tenv ~ 10 K, background pressure << 10‐15mbar, 
micro‐gravity environment
 Long fall times

DECIDE
•macroscopic quantum states
(„Schrödinger Cat“)
• test quantum theory against
macrorealistic models

MAQRO: Macroscopic Quantum Resonators for Space

A possible space experiment under extreme 
conditions (vacuum, temperature):

R. Kaltenbaek, Schwab, Aspelmeyer  et 
al., arXiv:1201.4756
in collaboration with EADS ASTRIUM 
Friedrichshafen

LTP Module



Opto-mechanical devices (a few examples)

Aspelmeyer, Meystre , Schwab (Physics Today; July 2012)



The role of gravity II: „It seems clear to me that we‘re in trouble if we believe in 
quantum mechanics but don‘t quantize gravitational theory“

R. P. Feynman, 1957 
(Chapel Hill Conference)

NO contradictions with the logical structure of quantum theory
 experimental consequences (e.g. Bell‐like theorems? Penrose?)

NO contradictions with the logical structure of quantum theory
 experimental consequences (e.g. Bell‐like theorems? Penrose?)

Does gravity need to be quantized?

YES quantum theory as we know it needs to be revised
 experimental consequences

YES quantum theory as we know it needs to be revised
 experimental consequences

Example: 
Planck length LP as fundamental 

lower bound for position
uncertainty x ?

e.g. L. Garay, arXiv:gr‐qc/9403008

Revision of Heisenberg uncertainty
principle

Lp~10‐35m

Are these consequences
experimentally accessible?



Classical gravity: localization of macro-objects

 gravitational inhibition of dispersion
 gravitationally bound states
modified ground state (Gross‐Pitaevskii)

Schrödinger‐Newton equation (Diosi 1984)

e.g. add gravitational self‐
interaction (Diosi, Penrose)

inhibition of dispersion

m = 1010 amu, (0) = 500 nm
 collapse time t~30,000 sec

m = 1012 amu, (0) = 500 fm
 collapse time t~3x10‐6 sec

Giulini & Großardt, arxiv 1105.1921 [gr‐qc]

How to incorporate a Newtonian gravity field into quantum framework? 



An ultimate experiment? Entanglement by gravity…

Ball 2

|Ball1_u> + |Ball1_d>  |Ball1_u>|Ball2_u> + |Ball1_d>|Ball2_d>

FEYNMAN:

(Chapel Hill Conference 1957)



A new playground: adding „quantum“ to mechanics…

Quantum Foundations
macroscopic quantum physics
decoherence and the quantum

measurement problem
 quantum physics and gravity

Quantum Information 
novel on-chip architectures
 coherent light-matter interfaces

(transducers, memories)
 strong photon-phonon 

nonlinearities

(Quantum) Measurement
new levels of accuracy
 crystallline mirrors
 measurements of G?

g – kg

Hz

cm

ng -mg 

kHz – MHz

µm

pg -ng 

MHz – GHz

nm



• The end: bild Gruppe mit collaborations

Our collaborators and discussion partners include…

Foundations of quantum physics:
Markus Arndt (Vienna, Austria)
Caslav Brukner (Vienna, Austria) 
Raymond Chiao (UC Merced, USA)
Anthony J. Leggett (UIUC, USA)
Anton Zeilinger (Vienna, Austria)

Quantum optical control and quantum 
information (theory):
Ignacio Cirac (MPQ, Germany)
Jens Eisert (Potsdam, Germany) 
Klemens Hammerer (Hannover, Germany) 
Myungshik Kim (London, UK)
Gerard Milburn (Queensland, Australia) 
Alex Retzker (Ulm, Germany)
Peter Rabl (Innsbruck, Austria) 
Helmut Ritsch (Innsbruck, Austria)
Oriol Romero-Isart (MPQ, Germany)
Frank Verstraete (Vienna, Austria) 
Peter Zoller (Innsbruck, Austria)

Micro- and nanomechanical fabrication, 
quantum interfacing  and low-loss coatings:
Christoph Becher (Saarbrücken, Germany)
Greg Harry (Caltech, LIGO, USA) 
Nergis Mavalvala (MIT, LIGO, USA)
Oskar J. Painter (Caltech, USA)
Achim Peters (HU Berlin, Germany)
Keith Schwab (Caltech, USA)
Ignacio Wilson-Rae (Munich, Germany)
Jun Ye (NIST, USA) 

Special thanks to our former group
members
Hannes Böhm  EADS, Germany
Sylvain Gigan ESPCI, France
Mauro Paternostro QUni Belfast, Ireland
Katharina Gugler FFG, Austria
Simon Gröblacher  Caltech, USA
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Low‐noise coatings & microfab
Garrett Cole

N.N. (cleanroom tech)

Quantum foundations and levitated
resonators (with M. Arndt, R. Chiao, 

K. Schwab, EADS Astrium)
Nikolai Kiesel

Rainer Kaltenbaek
Steve Minter
Florian Blaser
Uros Delic
David Grass
Nils Prigge

Towards testing quantum gravity & 
pulsed state preparation (with C. 

Brukner, M. Kim)
Michael Vanner
Joachim Hofer
Garrett Cole
Igor Pikovski
Philipp Köhler

Quantum information interfaces (with K. 
Hammerer, P. Rabl, J. Eisert, O. Painter)

Witlef Wieczorek
Simon Gröblacher

Jason Hölscher‐Obermayer
Jonas Schmöle
Sebastian Hofer
Jonas Hörschel
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